Introduction
Polycomb Group (PcG) mechanisms negatively regulate genes through the action of two multiprotein complexes, PRC1 and PRC2. Largely on the basis of in vitro experiments, the PRC1 complex, which includes the chromodomain protein Polycomb (PC) itself, has been supposed to interfere with transcriptional activities (King et al., 2002 (King et al., , 2005 . The PRC2 complex, containing the histone methyltransferase E(Z), trimethylates histone H3 at lysine 27, a mark recognized by the PC chromodomain. It is often said, therefore, that the H3 K27me3 recruits the PRC1 complex to target genes (Min et al., 2003; Wang et al., 2004) . The two complexes act together and bind to the same regulatory elements, the Polycomb Response Elements or PREs. Genetic evidence, known long before the molecular analysis, had clearly shown that mutations in the genes encoding PRC1 or PRC2 components have very similar effects of homeotic derepression but extra sex combs (esc), encoding the PRC2 component ESC, has long been considered a special case (Struhl and Brower, 1982) because, unlike the other PcG genes, it appeared to be required only in the very early stages of embryonic development.
The esc function is essential for the establishment of PcG silencing of homeotic genes. Embryos lacking maternal esc display complete derepression of all homeotic genes and conversion of all segments to the identity of the 14th parasegment. Zygotic esc can rescue the maternal esc defect but only if strongly expressed in the first few hours of development. Simon et al. (1995) found that, using an esc transgene under heat shock promoter control, rescue could 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.01.002 be obtained by heat induction at 2-3 h after fertilization but not after 4 h. While these studies tended to conclude that esc was required for the establishment but not the maintenance of PcG silencing, the biochemical work suggested a very different picture (Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002; Muller et al., 2002) . In the PRC2 complex, the E(Z) protein contains the SET domain that catalyzes the methyl transfer to histone H3 K27, however, the E(Z) protein by itself has no catalytic activity. In vitro reconstitution experiments have shown that E(Z) must be assembled in a complex containing SU(Z)12 and two WD40 domain proteins: p55, also known to be a component of the Chromatin Assembly Complex, and ESC. In vitro, histone H3 methyltransferase activity absolutely requires these four minimum components of the PRC2 complex. Recent work has shown that the N-terminal region of ESC binds to histone H3 and mediates the interaction of the PRC2 complex with the histone (Tie et al., 2007) . Considerable evidence also suggests that these components are required for in vivo activity. The E(Z) complex is phylogenetically very ancient and highly conserved. All four PRC2 components are present in plants and constitute a histone methyltransferase complex important for gene regulation and for imprinting of certain embryonic genes (Makarevich et al., 2006) . The same components are known in vertebrates and, while Caenorhabditis elegans does not use a SU(Z)12 homologue, it does require a ESC homologue (Korf et al., 1998; Ketel et al., 2005) . These observations strongly suggest that ESC is essential for the function of the E(Z) complex and that ESC or a closely related protein are necessary to methylate lysine 27 of histone H3 throughout development.
The genetic evidence indicates that the maternal esc contribution deposited in the oocyte is critical for early embryonic development. In its absence, zygotic esc function can rescue the embryos only if the gene is overexpressed (Struhl, 1981) . Conversely, maternal overexpression or extra maternal doses of the esc gene can support development to a normal adult even in absence of zygotic function. The fact that in vitro, E(Z) activity absolutely requires the presence of ESC suggested that a second protein must be available to substitute for ESC function in later development. While in principle such a protein could be unrelated to ESC at the sequence level, the simplest hypothesis was that the Drosophila genome might contain an esc-like gene that might at least partially substitute for the esc function. When we searched the Drosophila melanogaster genome sequence, we found in fact a very close homologue of esc only 160 kb distant from it. While this work was under way, a very similar line of thinking and experimentation was reported by Wang et al. (2006) , who showed that this gene, now called esc-like or escl, is a functional homologue of esc and that its product, ESCL, can substitute for ESC in the PRC2 complexes.
In this article, we describe the relative roles of esc and escl, the consequences of loss of function of either or both for development and for each other's protein product. To minimize the overlap with the work of Wang et al., we will confine the present paper to aspects of escl function not covered by that study. However, our results differ in some important respects from theirs, requiring going over some of the same ground. We show here that differences in transcriptional regulation, in splicing efficiency, in protein stability and in enzymatic activity account for the different roles of the esc and escl genes but, under appropriate conditions, both ESC and ESCL proteins are capable of supporting normal Drosophila development.
Results

Expression of esc and escl and splicing
Fig . 1A compares the structure of the esc and escl genes, showing that escl contains only two introns, whose positions correspond to those of the second and third introns of esc. The escl transcription start site is only 89 bp downstream of the 3 0 end of another gene, suggesting a relatively simple regulatory region. To evaluate the functional roles of esc and escl, we first compared their patterns of expression during development using RT-PCR with appropriate primers for the two genes. Expression profiles of esc and escl have been previously reported (Drosophila Developmental Gene Expression Timecourse, http://genome.med.yale.edu/Lifecycle/) and our results confirm that both esc and escl transcripts are abundant in the early embryo, drop to a low level during larval growth but rise again during pupal stages. The RT-PCR analysis (Fig. 1B) , however, revealed some important differences between the two gene transcripts. Both esc and escl contain introns which are completely spliced in the maternal RNA (0-3 h) of both genes. At 3-6 h the esc RNA is still abundant indicating that either the maternal RNA persists or the zygotic RNA accumulates rapidly. In the second half of embryonic development, zygotic esc RNA begins to accumulate but is very slow in completing splicing. Overall, esc RNA decreases drastically in postembryonic development and is abundant again only in adult ovaries. In contrast, escl RNA has a weaker maternal component that drops dramatically in the 3-6 h sample but the zygotic transcript increases steadily during later development. In the early embryo, however, a large proportion of the zygotic transcript is unspliced or incompletely spliced. Partially spliced RNA retaining the second intron disappears fully only in the late embryo. Since retention of the second intron results in termination of translation within the intron, we conclude that little ESCL protein is available in the critical early stages of embryogenesis.
Developmental function
The differences in expression pattern and splicing between esc and escl could have important consequences for the function of the two genes. As has been previously reported (Wang et al., 2006) , the encoded proteins, though very closely related, differ significantly in the N-terminal 100 amino acids, as well as in some internal regions, particularly in the loops between the WD domains. These structural differences could also result in functional differences between the two proteins. To determine the functionalities of esc and escl genes, we constructed transgenes using the endogenous promoter sequences of the esc or the escl genes placed in front of esc cDNA (e.g., esc > Myc-ESC) or escl cDNAs, either fully (esc > Flag-ESCLsp) or incompletely spliced (esc > FlagESCLint). To facilitate the study of the products, we added a Myc-tag to the esc transgene and a Flag-tag to the escl transgene. The different combinations were tested for ability to rescue the phenotypes of flies carrying esc 6 , a mutation in the splice consensus sequence of the first intron that results in premature termination of the polypeptide. To understand the results (reported in Table 1) , it is important to recall that in a cross between heterozygous esc parents, homozygous progeny is only rarely obtained (Struhl, 1981 progeny. This is probably explained by the fact that the maternal escl transcript found in unfertilized eggs is completely spliced and the esc promoter ensures that sufficient quantities are deposited to support embryonic development; in the late embryo and larvae, the esc gene is less active than the escl gene, which itself is normally insufficient to rescue the extra sex combs phenotype, and the inefficient splicing further reduces its ability to provide functional protein. The potential function of the incompletely spliced ESCLint transgene is shown by the fact that when strongly expressed under control of the actin promoter (construct actin > Flag-ESCLint) it rescues efficiently the extra sex comb phenotype although it is unable to rescue female fertility. We conclude that both the promoter and the splicing efficiency are important for full ESC function. An adequate supply of ESC protein in the very early embryo is critical for embryonic development and this requires abundant expression during oogenesis to provide the egg with an adequate supply of esc mRNA. In addition, however, the inefficient splicing of escl RNA during early development delays the availability of the ESCL protein at a crucial moment. Maternal escl RNA does appear to be fully spliced (Fig. 1B ), in contrast to the early zygotic transcripts. To explain why this is insufficient to support embryonic development, we suppose that it is less abundant, as suggested by Fig. 1B and by realtime PCR analysis indicating that maternal esc transcripts are twice as abundant as escl transcripts (not shown). Alternatively, maternal escl might be more rapidly degraded than maternal esc RNA or the ESCL protein might be in some way less active than the ESC protein and required in greater amounts.
Biochemical function
The ability of ESCL protein to interact with E(Z) both in vitro and in vivo has been already described (Wang et al., 2006; Tie et al., 2007) and was also observed in our experiments (not shown). ESCL has also been used to reconstitute a functional The esc and escl genes expression in various developmental stages were examined by RT-PCR. One micrograms of total RNA isolated from various developmental stages were reverse-transcribed and PCRamplified. cDNAs of fully spliced or incompletely spliced transcripts and cloned genomic fragments were used as templates for control amplifications. 3L, third instar larva; P, Pupa; M, adult male; F, adult female; Fu, cDNA fully spliced; I, cDNA incompletely spliced; G, genomic clone of each gene; RT, reaction omitting reverse transcriptase. PRC2 H3 methyltransferase in vitro (Wang et al., 2006) . We were interested, however, in a direct comparison of the activities of ESC PRC2 and ESCL PRC2. Recombinant ESCL or ESC, as well as E(Z), SU(Z)12 and p55 proteins, provided with corresponding epitope tags, were isolated from insect cells infected with baculoviruses for each of the subunits. Parallel reconstitution experiments show that ESCL, like ESC, assembles with the other components. The resulting PRC2 complexes acquire H3 methyltransferase activity absent in the separate components or in complexes assembled in the absence of ESC or ESCL. When equal amounts of reconstituted complexes are used to test for activity, the apparent difference between ESC and ESCL in parallel experiments is that the complex formed with ESCL has a roughly fivefold lower catalytic activity than that formed with ESC (Fig. 2B) . In vitro, therefore, the protein encoded by the escl gene can support methyltransferase activity. The lower activity observed with the corresponding complex, combined with the rapid disappearance of maternal escl mRNA could explain the observation that maternally derived ESCL is normally insufficient to support normal embryogenesis in the absence of ESC.
An escl mutant
A direct test of the role of the escl gene in Drosophila requires the generation of escl mutations. A transposon insertion stock obtained from the Exelixis collection (Thibault et al., 2004) , here referred to as escl d01514 , contains an XP element inserted in the coding region of escl, eight nucleotides downstream from the ATG translation start codon and the insertion has caused a 7 bp duplication of the insertion site (Fig. 3A) . Flies homozygous for this insertion are viable and fertile and lack overt phenotypes. RT-PCR analysis indicates that these flies produce no detectable RNA containing the escl coding region even when tested with several different primer pairs to detect possible abnormal splice products (Fig. 3B) . Transcription from the escl promoter evidently terminates within the inserted transposon.
We conclude that the escl gene is entirely non-essential for normal development. Together with the genetic evidence for esc, this implies either that ESC function is not required in later development or that the expression of the esc gene in later stages is sufficient to support development to the adult 
Fig. 2 -Histone methyltransferase activities of the recombinant E(Z)/ESC or E(Z)/ESCL complexes in vitro. (A) Recombinant
ESCL, E(Z), SU(Z)12 and p55 proteins, provided with corresponding tags, were isolated from insect cells infected with baculoviruses expressing all subunits and used to reconstitute variations of E(Z)-containing complex. After immunoprecipitation of each complexes using anti-Flag antibody, histone methyltransferase activities were determined.
The methyltransferase activity of the recombinant E(Z)/ESCL complex was about fivefold lower than that of E(Z)/ESC complex. Both complexes were reconstituted and purified as described above.
in the absence of escl. The continued expression of esc is evidenced by the RT-PCR analysis ( Fig. 1B) but to evaluate the requirement for esc and escl products we next recombined the esc 6 and escl d01514 mutations and determined the effect of complete loss of both gene functions. The two genes are on the same chromosome, separated by 160 kb. Out of 927 single-pair crosses tested (see Section 4), three lines of presumptive recombinants were established using a balancer chromosome carrying an extra (transgenic) copy of the wildtype esc gene (CyO, P[esc + ]).
All three recombinant lines displayed identical properties. Homozygous esc 6 , escl d01514 double mutants that receive sufficient maternal product survive through a prolonged third instar and die as early pupae. Larvae presumed to be homozygous for the double mutant chromosome were selected from a stock balanced with a CyO balancer marked with P[GFP]. The esc gene was sequenced by genomic PCR to confirm that the stock carried the esc 6 mutation and PCR analysis of the escl gene showed that it still had the P-element insertion (marked with white + ). The homozygous double mutant larvae grow slowly and have characteristically very small haltere and wing imaginal discs while the eye part of the eyeantenna disc is similarly reduced (Fig. 3C ). In contrast, the leg discs appear nearly normal in size. In the central nervous system, the abdominal ganglia are normal in size but the optic lobes are approximately half the normal diameter (Fig. 3C ).
We suppose these differential effects depend on whether cell proliferation occurs before the maternal supply of ESC product runs out. We then crossed the flies carrying the double mutant chromosome with esc or escl single mutants. Flies homozygous for escl d01514 but heterozygous for esc 6 are to all appearances entirely normal, viable and fertile. In contrast, flies homozygous for esc 6 and heterozygous for escl d01514 are few and very weak. , escl d01514 double mutant. Central brain and optic lobes, and dorsal discs, such as eye, wing and haltere disc were smaller than in the wild-type. Note that all leg discs looked normal in size. b, brain; w, wing disc; h, haltere; l, third leg disc; e, eye disc; a, antenna. (D) Homeotic phenotypes observed in flies homozygous for esc 6 and heterozygous for escl d01514 ; transformations of antenna to leg (asterisk), wing to haltere (arrowhead), A4 to A5 (arrow). Extra sex combs were also observed in male flies (not shown).
They display a range of homeotic phenotypes never observed in either the esc 6 or the escl d01514 stock: these include transformations of antenna to leg, wing to haltere, A4 to A5, as well as the expected extra sex combs (Fig. 3D ). All these phenotypes are completely rescued by one copy of the escl > Flag-ESCLsp (fully spliced) transgene. Two copies of escl > Flag-ESCLsp are required to rescue the imaginal disc size and viability of the double homozygotes but are not sufficient to abolish the extra sex combs phenotype. In contrast, two copies of esc > FlagESCLsp rescue viability and also the extra sex comb phenotype. These results imply functional differences between esc and escl promoters.
Derepression of homeotic genes
Another way to determine the functional role of esc and escl is to evaluate their relative contribution to histone H3 K27 methylation. Although the 600 kDa PRC2 complex has been widely hailed as the PcG complex responsible for the epigenetic mark associated with PcG repression, this is very likely to be incorrect. As shown by Ebert et al. (2004) , E(Z) is required for H3 K27 mono-, di-and trimethylation but the first two degrees are 5-10 times more abundant than the third and widely distributed in the genome. Only the trimethyl H3 K27 mark is characteristic of PcG target genes. Recent results in fact indicate that a higher molecular weight complex, including the core PRC2 components as well as the PCL protein, the product of the PcG gene Polycomb-like is required for H3 K27 trimethylation (Nekrasov et al., 2007; Sarma et al., manuscript submitted) . Might there be a differential involvement of ESC and ESCL in the complexes responsible for the different degrees of methylation? To evaluate the effect of the single and double mutations on PRC2 function, we compared the levels of histone H3 K27 di-and trimethylation in total third instar larval protein. The loss of zygotic esc or escl function should eventually impair PRC2 function when the maternal complement runs out. Western blot analysis of the larval extracts shows that while both H3 K27me2 and K27me3 are approximately eightfold lower in esc mutant larvae, there is no visible change in escl mutants (Fig. 4A) . Both di-and trimethylation of K27 become undetectable in double mutant larvae. These results indicate that esc makes the principal contribution to both degrees of methylation during the larval stages as well as in the embryo.
To evaluate the effect of the single and double mutations and the consequent loss of H3 K27 methylation on the repression of homeotic genes, we measured the transcript levels of Ubx, abd-A and Abd-B by quantitative RT-PCR. We used tissues .
of the third instar larva in which all three genes should normally be repressed: the wing disc and the optic lobes of the larval brain. In the case of the wing disc, since in homozygous double mutant larvae the dorsal discs are very small, we used wing discs from esc 6 , escl d01514 /esc 6 larvae. The results illustrated in Fig. 4B show that the Ubx gene is strongly derepressed in the optic lobes of the double mutant larvae and even in the wing discs of the esc 6 , escl d01514 /esc 6 larvae. In contrast, abd-A and Abd-B appear to be less sensitive and are derepressed only in the optic lobes of the homozygous double mutant larvae. We conclude that under normal conditions escl makes only a small contribution to function. In some way, however, in the absence of ESC product, the escl contribution becomes sufficiently important to support normal development after embryogenesis.
RNAi depletion of ESC and ESCL
Another approach to undercut the function of esc or escl is to use RNAi. We carried out RNAi knockdown in the Drosophila tissue culture cell line Sg4 using double-stranded RNAs from non-homologous regions of the corresponding transcripts (Fig. 1A) . RNAi knockdown of esc results in a 60-70% reduction of H3 K27 trimethylation after three rounds of RNAi treatment (Fig. 5A) . This relatively weak effect might be attributed to the presence of escl, but RNAi against escl has little or no perceptible effect on K27 methylation even after three rounds of treatment. Surprisingly, however, double RNAi against both esc and escl has a dramatically stronger effect: H3 K27 methylation is reduced by more than 90%. This apparently synergistic effect raises the possibility that the two proteins may interact with one another in some way.
To evaluate the contributions of esc and escl function during development, we used constructs expressing esc or escl inverted repeat RNA, P[UAS-escIR] or P[UAS-esclIR], or both, under control of a GAL4 UAS. When flies carrying these constructs were crossed with MS1096 to direct expression in the wing blade region of the wing imaginal disc, we saw little or no phenotypic effects with either escIR or esclIR expression individually even when the transgene was present in two copies ( Fig. 5D and E) . When both RNAi constructs are expressed simultaneously, however, we observed a reduction in wing size and curled wing phenotypes (Fig. 5G) . With two copies of each RNAi construct, the wing blade was dramatically reduced (Fig. 5F ). Similar results were found using an ey-GAL4 driver to direct expression in the eye: individually, esc or escl RNAi expression had no effect (not shown) but when both are expressed simultaneously, we observed variable but often major phenotypes ranging from mild antenna to leg transformations to dramatic reductions of the eye or the entire head capsule (Fig. 5I) . This confirms that, at least during later development, both genes can contribute to PcG function and that either one alone can supply all the necessary activity.
The homeotic transformations observed when PcG gene mutations lead to insufficient repression of homeotic genes is known to be largely eliminated in the presence of heterozygous trx mutations. Similarly, the phenotypic effects of double esc, escl RNAi are completely suppressed by a heterozygous trx mutation, confirming that the phenotypes are caused by PcG insufficiency (Fig. 5H) .
Competition between ESC and ESCL
While monitoring the effects of RNAi on the ESCL protein and RNA, we noticed that when ESC protein is depleted by RNAi, the ESCL protein in the same extracts increases dramatically as if to compensate for the absence of ESC (Fig. 6A, left) . However, when the escl transcript levels were compared, we found no difference between the esc RNAi cells and the mock RNAi cells, implying that the compensation is a post-translational effect. We observed a similar effect in flies homozygous for esc 6 , which also lack ESC protein. A fourfold increase in ESCL protein could be observed in the wing imaginal disc from homozygous esc 6 larvae (Fig. 6A, right) . The reverse effect was obtained with wing discs in which a UASMyc-esc transgene was expressed under control of the MS1096 (Fig. 6B, left) and the constitutive driver da-GAL4 (Fig. 6B, right) : overexpression of ESC results in a decrease in the accumulation of ESCL. We suppose that the two proteins most likely compete for inclusion in a limiting amount of PRC2 complex and that excess protein that cannot be accommodated in the complex is rapidly degraded (see Section 3). Decrease in ESC allows for more ESCL to enter into the complex and be protected against degradation. Increasing ESC drives out ESCL from participation in the complex and reduces its steady state levels.
PRC2 function and PRC1 binding
The fact that the esc 6 , escl d01514 double mutant survives to the third larval instar provides an opportunity to look at late larvae that have lost the methyltransferase component of the PcG mechanism. We used these double mutant third instar larvae to stain salivary gland chromosomes with antibodies against PSC to monitor the PRC1 complex binding and against histone H3 K27me3 to visualize the loss of methyltransferase function (Fig. 7 , two middle rows of panels). The results reveal that the polytene chromosomes have lost detectable histone H3 K27 dimethylation, which normally is virtually ubiquitous in euchromatin. Some K27 dimethylation remains in core heterochromatic foci, probably due to the fact that heterochromatin does not replicate in these polytenic cells and has few mechanisms that would tend to turn over core histones. Similarly, all detectable H3 K27 trimethylation is lost from these chromosomes, saving only pinpoint heterochromatic foci. However, when the same chromosomes are double-stained with antibody against PSC, representing the PRC1 complex, we find considerable variation in the amount of PSC in individual nuclei, even in the same salivary gland. In most cells and most larvae, the PSC staining is to all appearances as intense as in wild-type larvae even when, in the same cells, no trace of H3 K27 trimethylation is detectable. In some cells and larvae, there is visible loss of PSC staining, with only some of the PSC bands remaining. We conclude that in these double mutant larvae, the loss of zygotic ESC and ESCL gradually leads to a loss of histone H3 trimethylation. This process appears to be complete in third instar larvae. A loss of PRC1 complex binding to chromatin also occurs but at a far slower rate such that in most salivary gland cells PSC binding is still normal or nearly normal. Complete loss is often detected in larvae that have become immobile, about to pupate, or prepupae. This clearly demonstrates that the binding of the PRC1 complex is not directly dependent on histone H3 K27 trimethylation but that the loss of PRC2 function eventually does lead to loss of PRC1 binding.
Discussion
The results reported here make it clear that the escl gene is redundant for viability and essential functions. At the same time, our results show that, although maternal esc function is necessary to supply the embryo with the massive amounts of esc product that ensure early establishment of PcG silencing, a function not adequately provided by escl, esc and escl are each capable of supporting later development. It is remarkable that the escl paralogue is conserved in D. pseudoobscura and in the 10 other Drosophila species that have been sequenced to date (Drosophila 12 Genomes Consortium, 2007) . Thus both genes are present in the Drosophilid radiation although in D. melanogaster, no physical or developmental defects are detectable its absence. A BLAST analysis of the related species shows, however, that both Anopheles and Tribolium have only one esc homologue that is overall slightly more similar to escl at the amino acid level (in Anopheles, 291/419 similarities with escl and 265/472 with esc). In detail, some regions resemble more esc and others escl, consistent with the idea that a single esc gene was duplicated and then diversified in a dipteran ancestor of Drosophilids.
The early embryonic function
Our results show that the esc and escl gene functions differ in transcriptional control, splicing efficiency, participation in the PRC2 complex and the relative enzymatic activity of the resulting complexes. The esc promoter is responsible for the massive maternal deposits of esc mRNA during oogenesis that enable the embryo to establish PcG repressive states. The escl transgenes driven by the esc promoter can provide this maternal contribution while the endogenous escl gene cannot. In addition, there are differences in the profile of esc and escl RNA accumulation during development: esc RNA decreases substantially during larval stages while escl RNA appears to remain relatively higher. This, however does not seem to have a major developmental effect.
Both esc and escl primary transcripts appear to be inefficiently spliced in the early embryo, accumulating a substantial fraction that retains intron 3 of esc or the corresponding intron 2 of escl. This makes very little difference in the case of esc since in the early embryo there is still a massive amount of maternal RNA which is fully spliced. While maternal escl RNA is also fully spliced, it is much less abundant and disappears rapidly. The inefficient splicing of zygotic escl RNA therefore means that insufficient escl product is available in the early embryo. Combined with the lower maternal contribution, this explains why escl cannot substitute for esc in the critical stages of early embryonic development. The transgene experiments show however that a fully spliced escl RNA can provide both the maternal component and the early embryonic function when expressed from either the esc or escl promoter while the incompletely spliced RNA is insufficient regardless of the promoter. This leads us to conclude that the inefficient splicing of escl compared to esc is a critical factor during embryonic development. However, promoter function is also important. Even the fully spliced escl gene cannot rescue the sex comb phenotype when driven by the escl promoter but does rescue when driven by the esc promoter, suggesting that the esc promoter is more active in leg discs. Both genes have short promoter regions, about 700 bp for esc but only 100 bp for escl to the end of the preceding transcript. In addition, in the case of escl, some transcripts from the preceding gene may run into escl and arguably affect its expression. Sequence similarity between esc and escl in the 100 bp region preceding the transcription start is confined to two or three pentanucleotide motifs.
Biochemical activity
The in vitro reconstitution experiments show that ESCL can be assembled in vitro in a functional PRC2 complex as has been reported by Wang et al. (2006) . Differences in the assembly efficiency were not detected and may not be noticeable at the concentrations used in the in vitro experiments. The reconstituted complex, however, has a fivefold lower enzymatic activity in methylating recombinant histone H3. While it is difficult to prove that the in vitro results have a direct bearing on the in vivo behavior of the escl product, the most straightforward conclusion would be that this lower activity is likely to contribute to the lower functionality of the escl gene in comparison with esc. The lower activity, for example, may explain the fact that loss of esc function, leaving only escl activity, results in the eponymous phenotype of extra sex combs on posterior legs. Despite the lower activity, the massive amounts of product supplied by the esc > FlagESCLsp transgene in the early embryonic stages rescues both early development and the extra sex comb phenotype. This suggests that the ESCL protein can support all ESC functions and that its lower activity can be compensated by higher levels of expression.
Mammalian complexes containing different isoforms of EED, the mammalian ESC homologue, have been reported to have in vitro different target specificities (Kuzmichev et al., 2005) . The EED isoforms are produced by alternative translation start sites, resulting in different lengths of the N-terminal region. In Drosophila, however, despite the differences between ESC and ESCL in the N-terminal tail and some of the loop regions, both mediate di-and tri-methylation of H3 K27 and do not display qualitative functional differences.
Competition between ESC and ESCL
The mutation analysis and the RNAi analysis agree in showing that esc is the predominant function throughout development, at least in all functions whose absence produces a detectable phenotype. In tissue culture cells, in imaginal discs and in nervous system development, escl appears to play a back-up role under laboratory conditions and phenotypically and enzymatically it normally makes very little contribution to the total function. Yet in the absence of a functional esc gene, escl can take over and support virtually normal development, except for the extra sex comb phenotype. The substantial decrease in H3 K27 methylation in esc mutant larvae indicates that, in most stages and tissues, a considerably lower level of K27 methylation is sufficient for normal function and adequate PcG repression. Only at critical stages and in critical tissues such as early embryogenesis and in the notorious case of the sex comb, which gives their name to many PcG genes, is a higher level of methylation required.
A second explanation for the ability of escl to supply adequate function is that competition between ESC and ESCL products normally excludes much ESCL from participation in the PRC2 complex. Our results suggest that the excluded ESCL might be degraded, leading to an apparently low level of accumulation and of contribution to overall H3 K27 methylation. However, ESCL becomes important when ESC is unavailable for incorporation in the PRC2 complex. The supply of esc function is therefore buffered, probably at the post-translational level by degradation of excess protein that does not find employment in a PRC2 complex. The effect of this buffering action is that in the absence of ESC, ESCL is incorporated in the PRC2 complex and the resulting stabilization increases its accumulation several fold. This explains why the escl mutation (or RNAi knockdown) seems to make a contribution to the double mutant (or double RNAi) out of proportion to the effect of the single escl mutant or RNAi. We do not know yet if excess ESC is also rapidly degraded. Our attempts to alter the ESCL accumulation by changing the levels of E(Z) failed to show an effect (not shown). However, mammalian EZH2 is said to be lost in eed mutants and in Suz12 mutants (Pasini et al., 2004) suggesting that a similar effect governs the accumulation of EZH2).
H3 K27 methylation and PRC1 binding
The polytene chromosomes clearly show that in the double mutant larvae, the loss of H3 K27 methylation does not immediately lead to the loss of PcG complexes from chromatin. In chromosomes in which no H3 K27me3 is detectable, staining for PSC protein appears normal in intensity and distribution. Loss of PSC from the majority of sites occurs eventually in the double mutant larvae, as we have previously reported for a E(z) temperature sensitive mutant (Rastelli et al., 1993; Czermin et al., 2002) , but much later than the loss of K27 methylation. It is true that antibody staining of polytene chromosomes is a far from quantitative method and the relative strengths of the three antibodies used for H3 K27me2, H3 K27me3 and PSC could be very different. These results, however, are in agreement with the idea that PcG complex binding is not directly dependent on K27 methylation. Chromatin immunoprecipitation experiments show that the core binding sites of PcG complexes are devoid of histones Papp and Muller, Fig. 7 -PRC1 binding on polytene chromosomes in the absence of PRC2 function. Polytene chromosomes from wild-type, esc 6 or esc 6 , escl d01514 double mutant larvae were stained with either anti-H3K27me2 or anti-H3K27me3 (green) and monoclonal anti-PSC antibodies (red). DNA was counterstained with DAPI (blue). In the esc 6 mutant, the polytene chromosomes retain both histone H3 K27 di-and trimethylation, as well as binding of PSC, representing the PRC1 complex at levels indistinguishable from wild-type in these conditions. In the esc 6 , escl d01514 double mutant (middle rows of panels), detectable histone H3 K27 dimethylation is lost from the euchromatic arms, while some K27 dimethylation remains in core heterochromatic foci. All detectable H3 K27 trimethylation was also lost from these chromosomes although the exposure time was three times longer than for the esc 6 picture. In contrast, in most cells and most larvae, the PSC staining is to all appearances as intense as in wild-type larvae even in the absence of H3 K27 trimethylation. Schwartz et al., 2006) . In clones mutant for E(z), derepression of homeotic genes does not occur until 96 h after the loss of E(z) function has been induced (Beuchle et al., 2001) . Genomic tiling microarray analysis shows that the distribution of H3 K27me3 is much more extensive than that of PcG proteins, covering a domain of many tens of kilobases surrounding the PREs. These results provide compelling evidence against the argument that K27me3 is responsible for recruiting PRC1 complexes through its interaction of the PC chromodomain. Clearly, K27 methylation is not sufficient to recruit PcG complexes but it is equally clear that loss of methylation eventually results in loss of PcG complex binding. The processes that lead to this loss remain to be investigated.
4.
Experimental procedures
Fly strains and mutants
The Df(1)y 1 w 67c23 strain which is y À w À was used as wild-type controls and for P-mediated germ line transformation. esc 6 is a null allele in which mutation of the first intron splice site results in truncation of the protein at residue G20 (Gutjahr et al., 1995 
Transposon constructs
Details of the assembly of all constructs used are available upon request. In brief, pCaSpeR4 was used to generate all rescue constructs. A fragment containing esc sequences 11829236-11830492 or escl sequences 11988841-11990966 on chromosome 2L (all sequence coordinates are from the Berkeley Drosophila Genome Project [BDGP], Sequence Release 3; Celniker et al., 2002) was inserted in pCaSpeR4 to generate pCas-escp (esc promoter) or pCas-esclp (escl promoter), respectively. The esc ORF cDNA was amplified by PCR using pBS-esc as a template. The esc 3 0 UTR containing genomic sequences 11826939-11827453 was amplified by PCR using BAC clone RP98-5B13 (obtained from the BDGP; Hoskins et al., 2000) as a template. The Myc-esc construct which consists of Myc fragment, esc ORF and esc 3 0 UTR was first assembled in pBluescript II (Stratagene) and inserted in the pCas-escp to generate the esc > Myc-ESC construct. The ESCLsp ORF cDNA was amplified by PCR using clone SD11903/pOT2 (obtained from BDGP; Stapleton et al., 2002) as a template. The escl 3 0 UTR containing from genomic coordinate 11992480-11993028 was amplified by PCR using genomic DNA as a template. The Flag-escl-3 0 UTR fragment which consists of Flag fragment, escl ORF and escl 3 0 UTR was assembled in pBluescript II and then inserted in pCas-escp to generate the esc > Flag-ESCLsp construct and in pCas-esclp to generate the escl > Flag-ESCLsp construct. The N-terminal half of the escl (+2nd intron) cDNA amplified by PCR using SD02661/pOT2 (obtained from BDGP) as a template and C-terminal half of the escl (+2nd intron) cDNA excised from the escl/pOT2 were assembled in CaSpeRpAc-Flag to generate actin > Flag-ESCLinc. To generate the esc > Flag-ESCLinc, the escl (+2nd intron) ORF cDNA amplified by PCR using escl/ pOT2 as a template was inserted in the pCas-escp.
Antibodies, Western blots
Rabbit polyclonal antibodies were raised using GST fusion proteins. The region encoding ESCL residues 1-95 was inserted into pGEX4T-1 (GE Healthcare) and the region encoding ESC residues 1-60 was inserted into pGEX5X-1 (GE Healthcare). The GST fusion proteins were affinity purified from Escherichia coli lysates using Glutathione Sepharose 4B (GE Healthcare) and injected into rabbits (all injections and bleeds were performed by Pocono Rabbit Farm and Laboratory, Inc.). The antisera were first passed through a column to which a lysate of E. coli expressing GST protein had been covalently attached to CNBractivated Sepharose4B (GE Healthcare). Unbound material was then passed through a Sepharose column with GST fusion proteins linked. After thorough washing, the bound antibodies were eluted with low pH buffer.
To prepare larval or wing imaginal disc extracts, approximately 30 third instar larvae or 50 wing imaginal discs were used, respectively. Larvae or discs were flash-frozen in liquid nitrogen and then pulverized in protein lysis buffer I (50 mM Tris, pH 6.8, 100 mM DTT, 2% SDS, 5 mM EDTA, 1 mM PMSF, 10% glycerol) using a micropestle. The extracts were heated at 95°C for 5 min and centrifuged for 10 min to remove particulate material. Western blotting was performed using anti-ESCL at 1:1000, anti-ESC at 1:500, anti-HA.11 (Covance) at 1:1000 and anti-rabbit or anti-mouse IgG-HRP at 1:10,000 (Promega) and signals were developed using an ECL-Plus chemiluminescence detection kit (GE Healthcare). The rabbit anti-H3 (1:100,000) (Abcam) and rabbit anti-H3K27me2 (1:2000) or -me3 antibody (1:2000), both gifts from T. Jenuwein, were used with anti-rabbit IgG-APase as a secondary antibody (1:10,000).
4.5.
Cells, transfection and RNA interference
The Sg4 cell line, a derivative of the D. melanogaster S2 cell line were cultured in Schneider's Drosophila Medium (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (FBS). For transfection, 1.0 · 10 6 cells were cultured in 6-well plates for 16 h and then transfected using Cellfectin (Invitrogen). After 2 days, cells were harvested and lysed in protein lysis buffer II (20 mM Hepes pH 7.9, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM PMSF, 10 lg/ml Leupeptin, 10 lg/ml Pepstatin A, 1 lg/ml Antipain). Lysates were incubated on ice for 20 min and subjected to three cycles of freezing and thawing. After centrifugation at maximum speed, supernatants were collected and the protein concentration was determined using the Bio-Rad Protein Assay (Bio-Rad). Double-stranded RNAs for esc, escl and for lacZ as a negative control were prepared as previously described (Clemens et al., 2000) . In brief, the template for synthesizing esc dsRNA was produced by PCR using primers ESCRIZFW and ESCRNZREV and pBS-esc plasmid as a template. These primers are identical to primers used in a previous study (Cao et al., 2002) . The template for synthesizing escl dsRNA were produced by PCR using primers RESCLFW and RESCLREV and escl > Flag-ESCLsp as a template. The template for synthesizing lacZ dsRNA was produced by PCR using primers LZRi1.1 and LZRi1.2 and pBHL4 (Poux et al., 2001 ) as a template. All primers included the T7 promoter sequence at their 5 0 end. The PCR products purified by using the QIAquick PCR Purification Kit (Qiagen) were bidirectionally transcribed using the Ribomax Large Scale RNA Production System SP6 and T7 (Promega), and complementary strands annealed by incubating the RNA at 65°C for 30 min and then slowly cooling to room temperature. 1.0 · 10 6 Sg4 cells were placed in 2 ml of Schneider's medium containing 10% FBS in a 6-well plate and incubated for 2 h to let cells adhere to the plastic. After removing the medium, cells were washed with Schneider's medium without FBS. Twenty micrograms of dsRNA in 1 ml of the medium without FBS was added to the well. The cells were incubated for 30 min at 25°C followed by addition of 2 ml of Schneider's medium containing 10% FBS. The cells were incubated for 3 days, then diluted to a new 6-well plate and treated with the same way. This procedure was repeated three times. After 9 days, cells were harvested and fractionated into nuclear and cytoplasmic fractions.
RT-PCR
RNA extraction and analysis of mRNA expression were done as previously described . In brief, RNA was extracted from staged embryos, larvae, pupae, adult flies or dsRNA-treated Sg4 cells using Trizol Reagent (Invitrogen). One micrograms of total RNA was used for first-strand cDNA synthesis using First-Strand Synthesis Kit (GE Healthcare). Following heat inactivation of reverse transcriptase, equal aliquots were used as templates for PCR. The gene-specific primers for developmental profile of the esc and escl were as follows: for esc, ESCRTFW, 5 0 -TCG AAG CCA AAA AGT CGC GCC GCC T-3 
Reconstitution of a functional E(Z)-ESC and ESCL complex
Viral supernatants of baculovirus expressing two subunits of the PRC2 complex were obtained from J. Mü ller (Heidelberg) (FLAG-E(Z)) and A. Brehm (Marburg) (Myc-p55). An expression construct for SU(Z)12 was constructed by PCR amplification of the Su(z)12 cDNA (Bloomington) and cloning of the PCR product into pFastBac HAT leading to a SU(Z)12 expression construct carrying six histidine residues at the N-terminus. ESC and ESCL were also cloned into pFastBac but the primers were designed such that the resulting polypeptides carry a HA tag. The constructs generated were transformed into DH10Bac (Invitrogen) and the Bacmids were purified according to the manufacturer's protocol (Invitrogen). A monolayer of Sf9 cells (Spodoptera frugiperda) (9 · 10 5 ) was transfected with 1 lg Bacmid using Cellfectin Reagent (Invitrogen) and cells were left for 7 days at 26°C. The supernatant was amplified 2-3 times and recombinant viruses were used for test expression. Forty-eight hours post-transfection cell extracts were checked for fusion protein expression using antibodies against the corresponding tags (Sigma 
